This study set out to evaluate nociceptive withdrawal reflex (NWR) excitability and the corresponding mechanical response in the upper limbs during rest and movement. We used a three-dimensional motion analysis system and a surface EMG system to record, in 10 healthy subjects, the NWR in eight upper limb muscles and the corresponding mechanical response in two experimental conditions: rest and movement (reaching for, picking up, and moving a cylinder). The NWR was elicited through stimulation of the index finger with trains of pulses delivered at multiples of the pain threshold (PT). We correlated movement types (reach-to-grasp, grasp-and-lift), movement phases (acceleration, deceleration), and muscle activity types (shortening, lengthening, isometric) with the presence/absence of the NWR (reflex-muscle pattern), with NWR size values, and with the mechanical responses.
Introduction
There is growing evidence that the excitability of lower limb nociceptive and non-nociceptive spinal reflexes can be markedly influenced by the execution of rhythmic locomotor activities in a task-, intensity-, and phase-dependent manner (Lisin et al., 1973; Crenna and Frigo, 1984; Stein and Capaday, 1988; Duysens et al., 1990 Duysens et al., , 1992 Yang and Stein, 1990; Rossi and Decchi, 1994; Zehr and Stein, 1999) .
The nociceptive withdrawal reflex (NWR) proved to be a useful tool for investigating changes in spinal cord function during rhythmic lower limb movements in humans (Duysens et al., 1990 (Duysens et al., , 1992 Rossi and Decchi, 1994; Andersen et al., 2001 Andersen et al., , 2003 Spaich et al., 2004; Sandrini et al., 2005) . It is easily recorded in several limb muscles as a clear and stable EMG response after painful electrical stimulation of several nerves (Willer, 1977 (Willer, , 1983 (Willer, , 1990 Sandrini et al., 1993 Sandrini et al., , 2005 Skljarevski, and Ramadan, 2002) . Although the flexion synergy evoked by painful stimuli primarily serves a protective function, various studies have shown that the NWR also fulfils a more complex motor function. In addition to state-dependent modulation of the lower limb NWR, a phasic flexibility of the reflex in the various phases of locomotion has also been demonstrated (Duysens et al., 1992; Burke, 1999) . This phasic flexibility of the NWR derives from the activity of interneurons thought to form a complex neural network that is part of a spinal central pattern generator activated during postural and locomotor activities (Jankowska et al., 1967a,b; Lundberg, 1969 Lundberg, , 1979 Grillner, 1985; Rossignol and Dubuc, 1994; Schomburg et al., 1998) .
The few studies that have investigated spinal reflexes during rhythmic upper limb movements have shown, in some muscles, a phase-dependent modulation of the kind observed in the lower limbs during walking (Zehr and Chua, 2000; Zehr and Kido, 2001 ; Zehr and Haridas, 2003) . However, these studies considered cutaneous-muscular reflexes evoked by modest, nonpainful stimulation and evaluated during cyclical active or passive rhythmic movements constrained by a hydraulic ergometer (Zehr and Chua, 2000; Carroll et al., 2005) . Therefore, data on the modulation of spinal reflexes after painful stimulation during arm movements are currently lacking. Furthermore, no studies have investigated spinal reflexes during unconstrained upper limb movements freely executed in three-dimensional space.
Hand motor function is particularly important in humans for reaching and grasping as well as exploring and manipulating objects, and arm and hand movements are under more complex neural control than leg and foot movements. Therefore, study of the modulation of the NWR during voluntary movements of the upper limb may broaden understanding of the spinal mechanism involved in this complex motor function.
This study set out to do the following: (1) evaluate NWR excitability both at rest and during visually guided and practiced movement; (2) correlate the NWR with type of movement [reach-to-grasp (RG) and grasp-to-lift (GL)], phase of movement (acceleration, deceleration), and type of muscle activity (shortening, lengthening, isometric); (3) correlate the NWR size with the background EMG level during movement; and (4) evaluate the mechanical withdrawal responses induced by painful stimulation during rest and movement.
Materials and Methods

Subjects
Ten right-handed healthy adults (six males, four females; age range, 24 -35 years) gave their written informed consent to participate in the study, which had received local ethics committee approval. All human experimentation was conducted in conformity with the Helsinki Declaration. Before starting formal measurements, the subjects underwent an initial training session to become familiar with the assessment procedures.
Kinematic recordings
We used the ELITE motion analysis system (BTS S.p.a., Milan, Italy) to record movements in three-dimensional space. The system consists of eight infrared cameras (100 Hz sampling rate) that track the motion of passive reflective markers. Synchronized acquisition and data processing was performed using Analyzer software (BTS S.p.a.).
We positioned 10 reflective markers (15 mm in diameter) on the left and right acromion, the spinous process of the seventh cervical vertebra, the right olecranon, the right styloid ulnar and radial process, the head of the third metacarpal bone, the sacrum, and the right and left anterior superior iliac spine. We used a biomechanical model consisting of four segments (hand, forearm, arm, and trunk of the right side) as described previously (Rab et al., 2002) .
EMG recordings
Surface EMG signals were recorded using an eight-channel fiber optic TELEMG system (BTS S.p.a.) sampling at a frequency of 1000 Hz and bandpass filtered at 10 -400 Hz. EMG activity was recorded through a pair of Ag/AgCl surface electrodes (diameter, 1 cm; distance between electrodes, 2 cm), prelubricated with electroconductive gel, and placed over several antagonist limb muscles, including the deltoid (anterior and posterior), pectoralis major, latissimus dorsi, brachioradialis, triceps brachii, flexor carpi radialis, and extensor carpi radialis, in a belly-tendon montage according to standard anatomical landmarks.
An antagonist muscle pair was chosen for each joint movement: wrist flexion-extension (flexor and extensor carpi radialis), elbow flexionextension (brachioradialis and triceps), shoulder anteflexionretroflexion (anterior and posterior deltoid), and shoulder horizontal adduction-abduction (pectoralis major and latissimus dorsi). We chose the brachioradialis muscle instead of the biceps brachii, because at rest and during movement, the arm was held pronated (see below, Experimental procedure). EMG data were processed off-line on a personal computer using dedicated software (Myolab; BTS S.p.a.).
NWR stimulation technique
The right median nerve was stimulated percutaneously through a pair of ring electrodes applied to the digital nerve of the index finger as described previously (Cambier et al., 1974; Bouhassira et al., 1993; Floeter et al., 1998) .
The stimulus consisted of 20 ms trains of five rectangular pulses (1 ms duration, 200 Hz frequency) delivered randomly every 5-20 s through a constant current stimulator (Grass S-88 stimulator; Grass Instruments, Quincy, MA) integrated with the motion analysis system. To ensure the delivery of painful stimuli, we calculated the individual pain threshold (PT) using a staircase method (Willer, 1977) . Pain threshold was defined as the stimulus intensity rated as painful after a series of 20 increasing and decreasing electrical stimuli. Given the close correlation between NWR threshold and pain sensation (Willer, 1977) , the electrical stimulus was delivered at several times the PT at rest (see below, Experimental procedure) to obtain, at rest, stable, and reliable EMG muscle reflexes and limb mechanical withdrawal responses that could be compared with the responses obtained during movement. The subjective intensity of the painful sensation elicited by the electrical stimulation was rated by the subjects on an 11-point numerical scale [visual analog scale (VAS)], graded from 0 (no pain) to 10 (unbearable pain).
To ensure that stimulus intensity remained at the required multiple of the PT throughout the experimental procedure, the PT was checked at various time points, and the intensity of the stimulus was adjusted accordingly. This procedure was repeated regularly (every 10 trials) to verify the stability of the stimulus conditions. To avoid possible circadian fluctuation of the NWR (Sandrini et al., 1986) , measurements were always performed at the same time of day (between 9:00 and 11:00 A.M.).
Experimental procedure
The subjects were seated comfortably at a table 5 cm away from them (table height, 80 cm; width, 100 cm; depth, 60 cm) in a quiet room with normal indoor lighting. We evaluated two experimental conditions (see below).
Rest. The subjects rested their arm on the table in a semiflexed position to encourage maximum muscle relaxation. In this position, the shoulder was abducted to 50°and anteflexed to 25°, the elbow was flexed to 100°w ith the forearm fully pronated, the wrist was in line with the forearm, and the fingers were spontaneously flexed (Fig. 1a,b) . The electrical stim- uli were delivered at 1ϫ, 2ϫ, 3ϫ, and 4ϫ PT. Twenty trials at each intensity were recorded in each subject.
RG and GL movements. The subjects were required to perform a motor sequence consisting of reaching out from a starting position (the abovedescribed relaxed resting position of the upper limb), picking up a cylinder (diameter, 3 cm; height, 6 cm; weight, 300 g), and returning the cylinder to the starting position (Fig. 1a,b) . The starting position (A) and cylinder location (B) were 40 cm apart (Fig. 1a) . After hearing an acoustic start signal, the subjects, without displacing their trunk and head, had to reach out rapidly, following as linear a trajectory as possible, and grasp cleanly the cylinder between thumb and index finger. The subjects' posture at rest was checked before each trial, and the required speed of the movement was established during the practice session. The subjects were allowed periodic breaks to minimize fatigue. Perturbed (n ϭ 100 trials) and unperturbed (n ϭ 20 trials) movements were recorded in each subject. In the perturbed movement trials, electrical stimuli were randomly delivered at 4ϫ PT throughout the motor sequence.
Data analysis
Kinematic data analysis
For the kinematic data analysis, we evaluated the angular displacement and velocity of the wrist, elbow, and shoulder joints. We considered adduction-abduction and flexion-extension movements of the wrist, flexion-extension movements of the elbow, and anteflexion-retroflexion, horizontal adduction-abduction movements of the shoulder.
Trajectory control
The movement trajectory was ascertained from the displacement of the wrist marker. Given the linear nature of the required movement, the wrist marker displacement had to be as similar as possible in length to the distance (40 cm) between the starting position and the cylinder location (points A and B). We discarded trials in which the trajectory length exceeded this distance by Ͼ5% (2 cm) in the anteroposterior direction.
Evaluation of type and phase of movement
Movement type and phase were identified on graphs by plotting the velocity data collected from the wrist marker as it moved in the anteroposterior direction (Fig. 2) .
Onset of RG movement was defined as the point on the graph at which the wrist marker velocity exceeded the threshold velocity of 0.025 m/s in the anterior direction in three consecutive samples. Transition from RG to GL movement corresponded to the switch from positive to negative velocity. Termination of GL movement was defined as the point on the graph at which wrist marker absolute velocity fell below the velocity threshold in the opposite direction.
Both of the movement types, RG and GL, were divided into an acceleration phase (RGAP, from onset to positive peak velocity; GLAP, from the velocity switch to negative peak velocity) and a deceleration phase (RGDP, from the positive peak velocity to the velocity switch; GLDP, from the negative peak velocity to the end of the movement).
Evaluation of type of muscle activity
In each phase of movement, the type of muscle activity was identified on the basis of the direction of joint displacement during movement in the unperturbed and perturbed trials. Muscle activity was defined as "shortening" when the physiological muscle action coincided with the direction of joint movement and as "lengthening" when it opposed it. Isometric contraction was defined as the presence of muscle EMG activity not producing a significant joint displacement (angular velocity, Ͻ5°/s in the same direction for at least 100 ms).
Evaluation of mechanical responses
To evaluate the mechanical responses during both rest and movement, we measured the kinematic data in the 125-200 ms window after the painful electrical stimulation. This window was chosen because it com- Figure 2 . Graphs of angle displacement (in degrees) and EMG activity (in millivolts) during unperturbed trials (left RG-GL columns) and reflex muscle patterns and angular velocity changes during perturbed trials (right RG-GL columns) displayed according to movement type (RG-GL), movement phase (RGAP-RGDP-GLAP-GLDP), and muscle activity type (lengtheningshortening-isometric). The movement type is identified by the graph plotting the wrist marker displacement in row 1. Movement phase is identified by the graph plotting the wrist marker velocity profile in the anteroposterior direction (row 2). Muscle activity type is identified by arrows pointing away from (lengthening) or toward (shortening) circles. Presence of the reflex is identified by the circle color as present (black) or absent (white). Changes in angular velocities are identified by arrows pointing upward (increase) or downward (decrease). Kinematic and EMG graphs: bold lines, mean values; thin lines, mean Ϯ 2 SD; , angular velocity; , angular velocity decrease; , angular velocity increase; ‫,؍‬ unchanged angular velocity;
, muscle lengthening;
, muscle shortening; , isometric contraction; , presence of the reflex; , absence of the reflex.
prised the interval in which, according to previous studies of the lower limb (Duysens et al., 1992; Zehr et al. 1997; Spaich et al., 2004) , the peak mechanical change can be expected to occur. To evaluate the mechanical response induced by electrical stimulation at rest, we simply compared the wrist, elbow, and shoulder angular displacement values with those recorded in the starting position.
To evaluate the mechanical response induced by electrical stimulation (4ϫ PT) during movement in the perturbed trials, we compared the shoulder, elbow, and wrist kinematic data of each single perturbed trial with the mean of the subject's unperturbed trials. Our assumption was that until the instant at which the stimulus was delivered, the execution of the motor sequence would be the same in the perturbed and unperturbed trials. The following measurements were considered (Fig. 3): (1) the instant at which the stimulus was delivered in each subject's perturbed trial was expressed as a percentage of the mean duration of the subject's unperturbed trials; (2) in each single unperturbed trial, the joint angular velocity mean absolute value was calculated in the time window (125-200 ms) that followed the corresponding percentage of the trial duration (see 1); (3) the mean (and SD) angular velocity of all unperturbed trials was calculated; (4) the mean angular velocity was taken as the baseline value and the mean value Ϯ 2 SD was fixed as the mechanical response threshold; (5) the mechanical response was considered present if the angular velocity value of the perturbed trial exceeded this threshold; and (6) angular velocity changes (⌬SD p ) were calculated using the following formula:
where p is the absolute value of joint angular velocity in the perturbed trial, u is the corresponding baseline value, and SD u is the SD of the unperturbed trials.
EMG data analysis
Raw EMG signals recorded during the motor sequence were full-wave rectified. Given that previous authors reported the presence of the NWR between 60 -90 and 150 -180 ms after the start of the stimulus (Hugon, 1973; Cambier et al., 1974; Willer, 1977; Bouhassira et al., 1993; Floeter et al., 1998) , we sampled EMG activity in the time window from 60 to 200 ms after the stimulus.
For the analysis of the rest condition trials, we calculated the EMG area by integrating the EMG signal in the 140 ms window preceding the stimulus delivery. We considered the mean EMG area as the baseline value and fixed the mean value ϩ2 SD as the reflex threshold. The NWR was considered present if the EMG area value in the 60 -200 ms window exceeded this threshold. The size of the NWR (⌬ SD EMG post ) was obtained using the following formula:
where EMG post is the muscle EMG area in the 60 -200 ms window, EMG pre is the baseline value, and EMG SD pre is the SD of the EMG baseline values. The SD of the baseline values was used as the denominator in the formula to reduce the variability resulting from different levels of EMG activity, secondary both to possible different degrees of muscle relaxation and to signal noise.
As with the mechanical responses, to analyze the presence and the size of the reflex in the perturbed trials during movement, we compared the shoulder, elbow, and wrist muscle EMG data of each perturbed trial with the mean of the subject's unperturbed trials, again assuming that until the instant at which the stimulus was delivered, the execution of the motor sequence would be the same in the perturbed and unperturbed trials. The following measurements were considered (Fig. 3): (1) the instant at which the stimulus was delivered in each subject's perturbed trial was expressed as a percentage of the mean duration of the subject's unperturbed trials; (2) in each unperturbed trial, the EMG area was calculated in the time window (60 -200 ms) that followed the corresponding percentage of the trial duration (see 1); (3) the mean and SD values of the EMG area of the unperturbed trials were calculated; (4) the mean value was taken as the baseline, and the mean value ϩ2 SD was fixed as the reflex threshold; (5) the NWR was considered present if the EMG area value of the single perturbed trial exceeded this reflex threshold; and (6) the NWR size (⌬ SD EMG p ) was obtained using the following formula:
where EMG p is the muscle EMG area in a single perturbed trial, EMG u is the baseline value, and EMG SD u is the SD of the baseline area values. The SD of the baseline values was used to reduce the variability of the EMG background activity of the unperturbed trials during movement and thus to avoid underestimation or overestimation of NWR size.
Movement reliability assessment
To test the reliability of the motor performance, 60 unperturbed trials were tested in six subjects in two different sessions conducted within a period of 7 d. In each trial, both joint angular displacements and EMG muscle activity data were normalized to the movement duration.
To assess intraindividual variability, we calculated, in each subject, the mean and SD values of joint angular displacements, EMG muscle activity, and duration of motor sequence and movement phases and then computed the coefficient of variation (CV). To assess inter-individual variability, we calculated the mean and SD values of joint angular displacements, EMG muscle activity, and duration of motor sequence and movement phases, and then computed the CV.
Statistical analysis
The t test was used to evaluate differences in joint ranges of motion during each movement phase and the duration of the entire motor sequence in the unperturbed and perturbed movement trials.
The 2 test was used to compare the reflex-muscle pattern (presence/ absence of the NWR) with the following variables: experimental condition (rest, movement, movement type (RG, GL), movement phase (RGAP, RGDP, GLAP, GLDP), acceleration (APs ϭ RGAP ϩ GLAP) and deceleration (DPs ϭ RGDP ϩ GLDP) phases, muscle activity type (shortening, lengthening, isometric), various combinations of movement and muscle activity types, and combinations of APs and DPs with muscle activity types. The same comparisons were analyzed considering mean NWR size and using the ANOVA test. Univariate linear regression analysis was performed for each muscle to correlate NWR size (⌬ SD ϫ EMG p ) with the corresponding unperturbed EMG background activity (EMG u ) (see Eq. 3). Nonparametric Mann-Whitney tests were used to compare VAS values in rest and movement trials. Descriptive statistics included mean values Ϯ SD. p values Ͻ0.01 were considered statistically significant.
Results
Pain thresholds
The mean PT, considering all the subjects, was 13.4 Ϯ 3.8 mA (range, 9 -17). During the course of the experiment, a change in the PT, always Ͻ10% (range, 3-8%) of the mean value, was observed in a mean of 3.8 Ϯ 1.6 checks (range, 1-5), and the stimulus intensity was adjusted accordingly.
Kinematics
Rest condition
No changes in wrist, elbow, or shoulder angles induced by the painful stimulation at 1ϫ PT and 2ϫ PT were recorded. At 3ϫ PT, we recorded a mild elbow flexion (2.3 Ϯ 0.8) and shoulder anteflexion (1.9 Ϯ 0.9). At 4ϫ PT, the mechanical withdrawal response induced by the painful electrical stimulus was observed in Ͼ90% of the trials in all of the joints and consisted of wrist adduction (5.2 Ϯ 1.4°), elbow flexion (6.5 Ϯ 2.8°), and shoulder anteflexion (5.4 Ϯ 2.5°).
RG and GL movements
The CV of joint angular displacements, EMG activities, duration of motor sequence, and movement phases during movement was within the ranges of 0.04 -0.08 (intraindividual variance) and 0.03-0.09 (interindividual variance) for all measurements. No trials were discarded because of excessive trajectory length in unperturbed trials. A significant difference in the duration of the motor sequence between unperturbed and perturbed trials was observed (0.95 Ϯ 0.13 vs 1.32 Ϯ 0.41 s, respectively; p Ͻ 0.01). We did not find significant differences in joint ranges of motion between unperturbed and perturbed trials in any movement phase (t test; all p Ͼ 0.05). Table 1 shows the kinematic data of the entire motor sequence obtained from perturbed movement trials in all of the subjects. Movement occurred at the elbow and shoulder joints, whereas no movement was observed at the wrist joint. The table gives the direction of the joint displacement, the pattern of the angular velocity change, and the mean values of angular velocity change for each joint movement and each movement phase. Positive/ negative values represent increases/decreases in angular velocities with respect to the baseline values. As shown, decreases in angular velocity were observed in the APs, whereas increases were found in the DPs of both movement types. This was observed in Ͼ88% of the trials for all joint movements (Table 1) . Table 2 shows the reflex muscle patterns in the 200 analyzed trials in relation to the intensity of the stimulation (expressed as a multiple of the PT). As seen in the table, at 4ϫ PT, the reflex was present in all of the muscles in Ͼ90% of trials. The NWR size mean values at rest in each muscle were significantly higher than the corresponding values in the movement trials (Table 3) .
Electromyographic findings
Rest condition
RG and GL movements
In total, we analyzed 200 unperturbed trials and 1000 perturbed trials during movement at 4ϫ PT. The reflex muscle pattern was found to be differently related to movement type, movement phase, and muscle activity type (Fig. 2, Tables 4, 5) . In all signif- icant associations, the NWR was observed in Ͼ83% of the trials (Table 4) . The reflex muscle pattern in the flexor carpi radialis and extensor carpi radialis was significantly associated with the motor sequence, the reflex being more frequently present during the GL movement ( 2 ; all p Ͻ 0.01) (Tables 4, 5) . No significant associations emerged either with movement phases or APs/DPs ( 2 ; all p Ͼ 0.05) (Tables 4, 5) .
The reflex muscle pattern in the triceps brachii and pectoralis major was significantly associated with the movement phases and with the combination of APs/DPs with muscle activity type, the reflex being more frequently present during RGDP and GLAP, and during APs with muscle lengthening and DPs with muscle shortening ( 2 ; all p Ͻ 0.01) (Tables 4, 5) . No significant association was found with the type of movement, APs/DPs, or type of muscle activity ( 2 ; all p Ͼ 0.05) ( Tables 4, 5 ). The muscle reflex pattern in the brachioradialis and latissimus dorsi muscles was significantly associated with phase of movement and with the combination of APs/DPs with muscle activity type, the reflex being more frequently present during RGAP and GLDP, and during APs with muscle lengthening and DPs with muscle shortening ( 2 ; all p Ͻ 0.01) (Tables 4, 5) . No significant association was found with type of movement, APs/DPs, or type of muscle activity ( 2 ; all p Ͼ 0.05) ( Tables 4, 5 In the various elbow and shoulder muscles, the NWR mean size significantly differed in relation to the movement variables under consideration (Tables 6, 7) . No linear association was found between reflex size and EMG background activity during movement for any muscle.
VAS scores
No significant differences in the mean VAS scores were found between rest and movement trials in each subject (7.5 Ϯ 2.0 vs 7.6 Ϯ 2.2; p Ͼ 0.05).
Discussion
This study showed that the NWR changes markedly from rest to movement and that its excitability is finely modulated during the natural motor action of reaching for, grasping, and lifting an object.
In particular, we found that: (1) the muscle reflex pattern in the wrist muscles was closely related to the movement type; (2) the muscle reflex pattern in the elbow muscles and shoulder pectoralis major and latissimus dorsi muscles was closely related to the movement phase and to different combinations of movement phase with type of muscle activity; (3) the size of the NWR in all of the arm muscles was significantly modulated by movement type, phase, and muscle activity type, whereas it was not significantly related to the level of EMG background activity during movement; and (4) the painful electrical stimulation induced a stereotyped motor response during rest and a complex change of the elbow and shoulder angular velocities during movement.
This study is the first to document and quantify NWR modulation during unconstrained arm movements freely performed in three-dimensional space, and it extends previous evidence of phase and task modulation of other upper limb spinal reflexes (MacKay et al., 1983; Zehr and Kido 2001; Zehr and Hundza, 2005) .
"State" modulation of the NWR In our study, the NWR pattern changed markedly from rest to movement in a way similar to that observed in the lower limbs in which different adaptive behaviors of nociceptive reflexes during standing or walking have been observed (Duysens et al., 1992 (Duysens et al., , 1993 Brown and Kukulka, 1993; Rossi and Decchi, 1994; Decchi et al., 1997; Andersen et al., 2003; Spaich et al., 2004) . During standing, the muscle reflex pattern in distal muscles, such as the soleus and tibialis anterior, is shifted toward the plantar flexors when compared with rest conditions (Andersen et al., 1999) . During movement, the withdrawal EMG and mechanical responses can be enhanced or reduced depending on the swing and stance phases of the gait cycle (Duysens et al., 1990 (Duysens et al., , 1992 Spaich et al., 2004) .
In our study, all of the muscles displayed the NWR at rest; conversely, during movement, the NWR was present in some muscles but not in others, depending on the type and phase of movement and the type of muscle activity associated with the movement (Fig. 2, Tables 3, 4, 5) . Furthermore, the transition from rest to movement changed the size of the NWR, which was found to be markedly greater at rest than during movement (Table 4). However, this last result should be carefully considered, taking into account the different conditions of the muscles at rest and during movement.
Thus, the NWR behaved in a state-dependent manner in the transition from rest to movement. Here, the term state is used in accordance with Burke's description (1999) , which relates the different behavior of the spinal reflexes to the different states of the CNS.
At 4ϫ PT stimulus intensity, we recorded a stereotyped mechanical response (wrist adduction, elbow flexion, shoulder anteflexion) in all of the subjects at rest. This motor "flexion" response seems to serve solely to withdraw the limb from the noxious source. In the transition from rest to movement, the NWR mechanical response was dramatically reorganized as a result of the movement itself, displaying no close correlation with pain sensation, and acquiring a more complex significance, which is possibly not only nocifensive.
In animals and humans, the flexion reflex seems to behave as a nociceptive reflex at rest and as a non-nociceptive reflex during voluntary muscle contraction and movement (Lundberg, 1969 (Lundberg, , 1982 Rossi and Decchi, 1994; Andersen et al., 1995) . Therefore, a complex interaction between nociceptive and non-nociceptive inputs and the spinal interneurons mediating the NWR (including interneurons of Ia and Ib reflex loops) may explain the changes in the NWR pattern in resting versus movement conditions as well as in the different movement phases. In this context, the NWR spinal circuitry operating during movement may be dynamically selected and optimized (McCrea, 2001 ). 
Modulation of the NWR by movement type, phase, and muscle activity type
We found marked differences in the NWR pattern and size in relation to the types and phases of movement and types of muscle activity (Fig. 2, Tables 4 -7) . The NWR in the elbow and shoulder muscles was more frequently present in the acceleration phases when the muscle lengthened and in the deceleration phases when the muscle shortened. The switch from one phase to the other induced a reflex reversal, because the same antagonist muscle pairs were activated, but in reverse (Fig. 2, Tables 4, 5 ). For example, at the elbow joint, the brachioradialis muscle showed the NWR during the RGAP (when it lengthened) and during the GLDP (when it shortened). The triceps also behaved in this way, the reflex appearing both during the GLAP (when it lengthened) and during the RGAP (when it shortened). It has been shown that rapid movements are associated with a biphasic or triphasic pattern of muscle contraction (Wachholder, 1928; Hallett et al., 1975) . Movement onset is characterized by an initial acceleration during which the agonist muscle is strongly activated to initiate the movement. Subsequently, when the limb reaches maximal velocity, agonist activity is transiently inhibited while the antagonist muscle is activated to decelerate the movement.
These results indicate that the NWR appears in those elbow and shoulder muscles that counteract the acceleration pattern of the ongoing movement phase. On the contrary, wrist extensors and flexors, which cocontracted isometrically throughout the motor sequence, did not show any triphasic pattern, and appearance of the NWR in these muscles depended on the movement type (GL).
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NWR size values are compared (ANOVA) in relation to movement types, movement phases, APs/DPs, and muscle activity types. APs, Acceleration phases; DPs, deceleration phases; SHOR, muscle shortening; LENG, muscle lengthening; FCR, flexor carpi radialis; ECR, extensor carpi radialis; BR, brachioradialis; TB, triceps brachii; AD, anterior deltoid; PD, posterior deltoid; PM, pectoralis major; LD, latissimus dorsi. Boldface values, ANOVA, p Ͻ 0.01.
Functional significance of the NWR during movement
Our findings show modulation of the NWR (in terms of reflex muscle pattern, reflex size, and mechanical response) during motor execution. The appearance of the NWR in the elbow and shoulder muscles during early reaching (i.e., RGAP), when they act as antagonists, suggests that the NWR may serve to interrupt movement abruptly, as demonstrated by the decrease in joint angular velocity (Fig. 2, Tables 1, 4) . Conversely, during late reaching (i.e., RGDP), the NWR in the elbow and shoulder muscles was associated with an increase in joint angular velocity, indicating that the most appropriate mechanical response to a painful stimulation may change during movement.
This suggestion is supported by recent evidence, in both animals and humans, that shows each muscle or group of muscles mediating the NWR has a separate cutaneous receptive field (Schouenborg et al., 1992 (Schouenborg et al., , 1994 Andersen et al., 1999 Andersen et al., , 2001 Schouenborg, 2002; Clarke and Harris, 2004) . Therefore, the stimulation of particular limb areas will activate only those modules best positioned to evoke the most suitable mechanical response.
On the contrary, both extensor and flexor wrist muscles displayed the reflex only when objects were grasped and lifted. Cocontraction of flexors and extensors is important to stabilize the wrist during gripping and lifting (Rothwell, 1987) . In this motor context, a reflex reversal behavior offers no functional advantage, and the NWR is simultaneously recorded in agonist-antagonist muscles, with no associated motor response. This strategy may assist the ongoing movement, and its significance is possibly more "proprioceptive" than nocifensive.
In a broader motor control context, modulation of the NWR may be viewed as an important part of mechanisms underlying the production of movement. Experimental evidence in animals and humans (Asatryan and Feldman 1965; von Holst and Mittelstaedt, 1973; Feldman and Levin, 1995; Ostry and Feldman, 2003) suggests that to produce an intentional change in position, the system must reset the stabilizing mechanisms to a new reference posture. Such resetting is achieved by shifting the threshold position of body segments. When this is done, the initial position of body segments appears as a deviation from the new reference position so that the same posture-stabilizing mechanisms provide forces driving the system to the new position. Indeed, by shifting reflex thresholds, including the NWR, the system not only eliminates resistance to movement from the previous posture but actually takes advantage of posture-stabilizing mechanisms to drive the body to a new posture.
In the motor task performed in our experiment, the overall mechanical effect of the NWR modulation is to maintain the direction of the movement (increase-decrease of elbow and shoulder joints angular velocities) or to stabilize a joint position (wrist joint), possibly indicating that joint configuration guides muscular activations to achieve the new reference position. In summary, the muscle-NWR pattern may be modulated according to the shift of the threshold position, resetting the reflex threshold in all muscles, and closely depending on the motor context.
Conclusion
Our findings indicate that the spinal circuitry underlying the NWR, by modifying NWR excitability according to state, movement type, movement phase, and muscle activity type, adapts the reflex to the motor action. The NWR in the upper limb may provide a window onto the spinal neural control mechanisms operating during movement.
